ing to the K81I rad50S mutant of S. cerevisiae (Alani et
analysis, to be similar to the S. cerevisiae rad50S mutant: it is blocked in the repair of meiotic DNA breaks.
Prominent Meiotic DNA Break Sites Are Far Apart
When specific chromosomal regions are examined by Southern blot hybridization, prominent but transient bands are seen with DNA from rad50 ϩ cells; these bands indicate prominent sites of frequent cleavage located ‫001ف‬ to ‫003ف‬ kb apart in several regions of the genome (Cervantes et al., 2000) . To determine if the same pattern occurs in rad50S cells, we surveyed three regions of the genome for the accumulation of broken DNA ends in rad50S cells. The first region surveyed was that near ura1 on chromosome I, near which a prominent break site was previously found in rad50 ϩ cells (Cervantes et al., 2000) . After pulsed-field gel electrophoresis, broken DNA from meiotically induced cells was analyzed by . After induction, DNA replishort to extend from the telomere to the ura1 probe. cation, assayed by flow cytometry, occurred at ‫2ف‬ hr The shortest of these fragments was ‫003ف‬ kb long, in both the rad50 ϩ and rad50S cells (see supplemental suggesting that a second meiotic break rarely occurs data at http://www.molecule.org/cgi/content/full/9/2/ within this distance to the left of a break at mbs1. 253/DC1). DNA breakage, assayed by pulsed-field gel Other regions of the genome also have widely spaced electrophoresis to separate the three S. pombe chromosites at which meiotic breaks accumulated in the rad50S somes and staining with ethidium bromide, occurred at mutant. A radioactive probe from cosmid c869, located ‫3ف‬ hr in both cell types ( Figures 1A and 1B) . In the about 100 kb from the right end of chromosome I, rerad50 ϩ cells, the chromosomes had returned to their vealed eight prominent bands, reflecting eight promiintact state by 5 hr, but in the rad50S cells broken DNA nent break sites or clusters of sites located ‫561ف‬ to persisted, and no intact DNA was detectable even at 6 ‫0021ف‬ kb from the telomere ( Figure 2B ). The distances hr ( Figures 1A and 1B) or as late as 24 hr (data not between these sites ranged from ‫07ف‬ to ‫052ف‬ kb. shown).
We analyzed breaks on chromosome III after digesting As in previous studies proximal) side of this SfiI site revealed three prominent org/cgi/content/full/9/2/253/DC1). In addition, bulk DNA bands reflecting break sites at ‫,53ف‬ ‫,06ف‬ and ‫08ف‬ kb remained broken in both haploid and diploid rad50S from the SfiI site ( Figure 2C ). The repeating pattern of pat1-114 (Ts) mutants ( Figures 1B and 1D) . As shown less prominent breakage, visible above the prominent later (see Figures 3 and 4) , DNA breaks at particular bands in Figure 2C , presumably reflects meiotic break sites also accumulated equivalently in haploid and dipsites within each of the 10.9 kb rDNA repeats. A probe loid cells.
immediately to the right of the SfiI site revealed seven prominent break sites before the next SfiI site located Thus, the S. pombe rad50S mutant appears, by this at 1 hr and 5 hr after induction of meiosis (Figures 3A, the mean of five independent inductions of the rad50S haploid strain GP2956 and one of the rad50S diploid 3C, and 3E). Six prominent peaks were seen with rec ϩ DNA at 5 hr after induction. Between these peaks, the strain GP3087, each probed from both ends of the NotI fragment. The total fraction of the NotI fragment J broken amount of hybridization was near that observed with rec ϩ DNA at 1 hr (before DNA replication) or with rec12 at these sites during meiosis was ‫.%62ف‬ The amount of meiosis-specific DNA breakage bemutant DNA at 1 hr or at 5 hr. Hybridization to these latter three samples was approximately uniform throughtween the prominent break sites is difficult to quantitate accurately because it is so close to the background out the lanes of the gel; no obvious meiosis-specific peaks were seen. The intensity of this background was level. Nevertheless, we estimate from the hybridizations analyzed above that the amount of meiosis-specific approximately 1% of the intensity of the full-length (unbroken) NotI fragment J. Since this background is indebreakage in an interval between mbs1 and mbs2 (res2-ura1; see Figures 3 and 6) was 0.52 Ϯ 0.56% in the rec ϩ pendent of meiotic induction and rec12 gene function, we presume it reflects mechanical breakage due to mastrains and 0.2% in the rec12::kan strain GP3135. Thus, ‫%3.0ف‬ of the DNA in the res2-ura1 interval was broken nipulation of the cells and DNA or to enzymatic breakage unrelated to meiotic recombination. We have therefore in a meiosis-specific, rec12-dependent manner. There was also very little breakage in the lys3-aur1 interval, to subtracted this background in the following analysis.
We estimate the fraction of meiosis-specific DNA the left of mbs2. The six probings from the right side of the NotI fragment yielded 0.47 Ϯ 0.27%, and those breakage (5 hr minus 1 hr values) at each of the prominent sites on NotI fragment J to be, from left to right, from the left yielded Ϫ3.3 Ϯ 1.8%. The latter data have more scatter, owing to a higher background of meiosis-3.3 Ϯ 0.5 (mbs2), 10.8 Ϯ 0.3 (mbs1), 1.6 Ϯ 0.4, 2.1 Ϯ 0.2, 3.3 Ϯ 0.4, and 4.6 Ϯ 0.4% of the total DNA (intact and rec12-independent broken fragments in the size range of these measurements (Figures 3 and 4) . These NotI fragment plus discretely broken fragments). These estimates are the mean values Ϯ the standard error of data indicate that the amount of meiosis-specific break- age between the prominent break sites is Ͻ1% and meiotic induction. This analysis indicated that there was little if any meiosis-specific DNA breakage in this 64.4 perhaps close to zero. kb interval other than at mbs1.
Mapping a Prominent Meiotic Break Site mbs1
To examine the relation between the positions and exFrequency of Meiotic Recombination Surrounding mbs1 tents of meiotic DNA breakage and of meiotic recombination, we determined more precisely the location of Having located a prominent meiotic DNA break site mbs1, we asked whether this site is a hot spot of meiotic mbs1, near ura1. The mobility, relative to size markers, of the broken fragment designated mbs1 in since the lowest frequency of recombination measured mean value. In particular, the intensity of recombination in the interval with the most prominent break site mbs1 was 2.6% and the frequency of gene conversion (nonreciprocal recombination) of most S. pombe markers is (10.8% breakage), ura1-rqh1, was 1.2 cM/10 kb, close to the mean (1.1) of all the intervals measured with single ‫%70.0ف‬ per spore (range for 31 markers is ‫%30.0ف‬ to ‫;%4.0ف‬ P. Munz, personal communication). Crosses base pair mutations (Table 1A ). The adjacent interval on the left, res2-ura1, had 0.72 cM/10 kb and ‫%5.0ف‬ were repeated, in some cases with the markers both in coupling and in repulsion, and similar results were breakage. The adjacent interval on the right, rqh1-mis6, had 1.3 cM/10 kb and 7.0% breakage. The interval with obtained. A total of 30,341 marker-pair segregations from 78 crosses was analyzed. The frequency of recomthe highest intensity of recombination (lys3-aur1, 1.6 cM/10 kb) had little or no meiosis-specific breakage. bination between two markers was converted to genetic distance (centimorgans or cM) using the mapping funcThus, these data indicate that the prominent meiotic DNA break sites are not sites of especially intense retion of Haldane (1919), which assumes no crossover interference as is the case for S. pombe (Munz, 1994) . combination, or hot spots of recombination. The data from crosses with large insertion or substituThe positions of the markers on the nucleotide sequence of the NotI fragment J (see supplemental data at http:// tion mutations, denoted with an asterisk in Table 1B and Figure 6 , gave a similar picture. For example, the interval www.molecule.org/cgi/content/full/9/2/253/DC1) allowed calculation of the intensity of recombination, cM/ res2*-rqh1, spanning mbs1, had 0.9 cM/10 kb, close to the mean of 0.92 cM/10 kb for this set of data. Two 10 kb.
The results of this extensive analysis (Table 1 and intervals with little or no meiotic DNA breakage, pom1*-mkh1* and rad15-res2*, had 1.3 cM/10 kb, nearly the Figure 6 ) indicate that the intensity of recombination among intervals with or without a prominent meiotic same as 1.2 cM/10 kb from the measurement of rad15-res2 with single base pair transition mutations. Thus, DNA break site varied less than 40% from the overall these data, like those in the previous set of crosses, fail recombination was more uniformly distributed. Our results demonstrate that hot spots of meiotic DNA breakto show a simple correlation between the site of meiotic age are not hot spots of meiotic crossing over and that DNA breakage and the site of meiotic recombination. meiotic recombination occurs tens of kilobases from Meiotic recombination in this region of the genome is these prominent break sites. While we cannot comdependent upon the rec12 and other rec gene products. pletely rule out additional, low-level breaks, the available In crosses homozygous for rec12-117, among 470 viable evidence discussed below indicates that the ds DNA spores tested none were recombinant in the lys3-37-breakage between the prominent sites is too infrequent ura1-61 interval, and among 582 only one was recombito account for the amount of recombination in those nant in the ura1-61-pro1-1 interval. Comparison with intervals. We infer that in S. pombe meiotic recombinathe rec ϩ data in Table 1 shows that the rec12 mutation tion frequently occurs remote from broken DNA ends. reduced recombination in these intervals by a factor of We discuss below how this may occur. S. pombe appears to be distributed uniformly throughout the genome, with an intensity of ‫2-1ف‬ cM/10 kb; Discussion this range includes the mean intensity of 1.1 cM/10 kb for the intervals in the extensively studied 501 kb NotI We report here the occurrence of widely separated sites fragment J (Table 1 and Figure 6 ). The S. pombe genome in the S. pombe genome at which meiosis-specific ds encompasses ‫0022ف‬ cM and ‫41ف‬ Mb, or 1.6 cM/10 kb DNA breaks frequently arise; between these sites little on average ( Cao et al., 1990) . The accumulation of meiotic DNA breaks in the S. pombe rad50S mutant (Figures 1-3) , as in the corresponding mutant in S. cerevisiae (Alani et al., 1990) , supports this view. The considerable reduction, perhaps abolition, of meiotic recombination in five mutants, including rec12, suggests that most, perhaps all, meiotic recombination in S. pombe depends upon DNA breakage.
The DNA broken during meiosis must be repaired to form intact chromosomes and to produce viable meiotic products. Repair could occur by the rejoining of DNA ends or by interaction with a sister chromatid or a homo- involving an insertion or substitution of ‫2ف‬ kb (Table 1B) Although our data appear accurate within a factor of two, indicating that many of the breaks are repaired as crossovers, we cannot exclude that some are repaired in recombination data provided by P. Munz and physical other ways, including gene conversion without crossing data for the S. pombe genome); the mean and median over. If end joining or sister chromatid interactions ocvalues are 1.7 and 1.2 cM/10 kb, respectively, similar to cur, they would exacerbate the problem of accounting those for the NotI fragment J. We anticipate that the for the observed amount of crossovers by the observed conclusions we draw from the data reported here will amount of DNA breakage: such repair without genetic apply to other regions of the S. pombe genome. recombination would leave even fewer breaks to generate the observed amount of recombinants. The available Nature of Prominent Meiotic DNA Break Sites data thus suggest that many and perhaps most or all We mapped one meiotic break site, mbs1, to an interval of the ds DNA breaks result in a crossover. of a few kilobases ( Figure 5 ). This interval is within a The distributions of ds DNA breakage and of recombiregion of 7.2 kb between two lengthy coding sequences, nation do not, however, appear to be congruent: recom-SPAC4G8.03c and SPAC4G8.04, between which there bination appears much more uniformly distributed than is no extensive coding sequence. This 7.2 kb intergenic DNA breakage. For example, the 91 kb ura1-rqh1 interregion is considerably larger than the average intergenic val has 11 cM, or 1.2 cM/10 kb, and 11% DNA breakage region of ‫9.0ف‬ kb in S. pombe (Wood et al., 2002) . Mapat mbs1 (Table 1 ; Figures 4 and 6) . In contrast, the 57 ping additional meiotic break sites should show if they kb res2-ura1 interval has 4.1 cM, or 0.72 cM/10 kb, are typically located in large intergenic regions. but only ‫%3.0ف‬ meiosis-specific, rec12-dependent DNA The paucity of prominent meiotic break sites in S.
breakage. Thus, comparing the ura1-rqh1 and res2-pombe may stem from the consequences of the breakura1 intervals, DNA breakage is less frequent in the latter age and its repair. Hot spots of gene conversion in interval by a factor of Ͼ20, but recombination is less S. pombe and S. cerevisiae are recipients of genetic frequent by a factor of only 2.6 and the recombination information (Gutz, 1971; Lichten and Goldman, 1995 Figures 4 and 6) . Prominent break sites are of gene conversion, most break sites may have been located Ͼ20 kb to the left and Ͼ20 kb to the right of converted away during evolution of S. pombe, perhaps the res2-ura1 interval (Figure 6 ). These observations more extensively within coding sequences than beindicate that recombination in this interval occurs Ͼ20 kb and perhaps Ͼ50 kb from the nearest prominent tween them. break site. As noted above, we cannot completely rule out undetected, low-level breaks between the prominent DNA break sites. But the data presented here argue that such breakage is insufficient to account for the high level of recombination in intervals, such as res2-ura1 and lys3-aur1, between prominent break sites.
More generally, if recombination in S. pombe were limited to 1-2 kb around the prominent DNA break sites, as frequently appears to be the case in S. cerevisiae (Lichten and Goldman, 1995), the genetic map of S. pombe would have clusters of genes (those between break sites) separated by spaces of recombination (those containing break sites). Genes are widely distributed, however, on the S. pombe genetic map (Munz et al., 1989) , typified by the analysis of the 0.5 Mb region shown in Figure 6 . These results imply that recombination occurs a substantial distance (up to ‫001ف‬ kb) from prominent DNA break sites. We infer, therefore, that in S. pombe meiotic recombination frequently occurs far from broken DNA ends.
Models for Recombination Remote from DNA Ends
We entertain two general ideas for how recombination can occur far from a DNA end, yet be dependent upon DNA breakage. First, a DNA break could send a signal, such as relief of torsion, within a domain of the chromosome. Recombination might then be able to occur, by an unspecified mechanism, anywhere within the relaxed domain. We know of no precedent for this proposal, but it is conceptually similar to the proposal for the regulation of transcription within chromosomal domains. Second, an entity could move from a DNA end along the DNA to a distant point, at which it promotes recombination. We consider two models for such a moving entity.
In the first model, the moving entity is a protein or In the second model, the moving entity is a special DNA structure. This structure might be a double Holliday junction formed by the mechanism proposed by Szostak branch migration of the dual junctions would leave no hybrid DNA, and consequently no gene conversion or et al. (1983) for ds break repair ( Figure 7B) . Though formed at the site of the ds break, the junctions could crossing over, between the ds break site and the site of resolution. move in tandem by branch migration to a distant site. In this case, the resolution of the junctions could produce a Some events at the ARG4 locus of S. cerevisiae may reflect the mechanism in Figure 7B . In one study (Gilcrossover, and perhaps gene conversion, at the distant site. The ds break site might be a hot spot of gene bertson and Stahl, 1996) , ‫%01ف‬ of the non-Mendelian asci reflect heteroduplex DNA on one chromatid on each conversion but would not be a hot spot of crossing over, since after branch migration there is no connection side of a prominent DNA beak site without associated crossing over. These events have been interpreted as between the DNA duplexes at the break site. Tandem
